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In its native host species, the Rhesus Macaque, simian virus 40 (SV40) forms a persistent infection in the kidneys with no apparent
harmful side effects. We show that SV40 infection of growth-arrested monkey kidney epithelial cells results in the specific disruption of
certain Rb–E2F family complexes. Throughout the course of infection, p130–E2F and p107–E2F complexes are disrupted, but surprisingly
pRb–E2F complexes remain intact. This suggests that the presence of some pRb–E2F complexes is not inhibitory to productive infection.
Additionally, while a decrease of p130 steady state levels is observed during the later time points of infection, early during infection, p130 is
readily detectable. This suggests SV40 infection overrides p130-mediated growth arrest through a mechanism(s) in addition to the well-
documented T antigen-mediated degradation of p130. Finally, infection induces a dramatic relocalization of E2F4 from the nucleus to the
cytoplasm. The implications of these observations to the life cycle of the virus are addressed.
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Simian virus 40 (SV40) is a DNA virus with a small
genome that has been studied extensively due to its ability to
transform and immortalize multiple cell types (Ozer, 2000;
Saenz-Robles et al., 2001). Accordingly, it has been sug-
gested that SV40 is a human onco-virus with potential links
to several human cancers (Butel, 2001; Carbone, 1999;
Klein et al., 2002; Shah, 2000; Vilchez et al., 2002).
Exogenous expression of the SV40 large tumor antigen (T
antigen), an early gene product, is sufficient to induce
transformation in multiple in vitro models. T antigen elicits
its transforming effects through a minimum of three separate
structural elements including its p53-binding domain, pRb-
binding motif, and J domain (Srinivasan et al., 1997, 1989;
Zhu et al., 1992). In addition, another early gene product,0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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in certain circumstances (Hahn et al., 2002; Rundell and
Parakati, 2001).
The retinoblastoma (Rb) family is composed of three
members (pRb, p107, and p130), each sharing primary
amino acid sequence similarities and having the ability to
repress the transactivation activity of specific transcription
factors. In vitro expression of T antigen alone is sufficient to
alleviate Rb-mediated repression of a class of transcription
factors called E2Fs (Stubdal et al., 1997). The Rb family
members elicit their growth suppressive effects, in part, by
binding to and inhibiting the transactivation activity of the
E2Fs (reviewed in (Dyson, 1998). There are six known
members of the E2F family, E2Fs 1–6, which form a
complex with either of the two heterodimeric DNA-binding
partners Dp1 and Dp2. E2F transactivates the genes neces-
sary for progression of the cell cycle through the S phase,
including the enzymes required for DNA synthesis. The
multiple possible combinations of Rb and E2F family
member complexes may be required for the fine-tuned
regulation of the various promoters required for orderly
progression of the cell cycle. Although the details are still
unclear, a model is evolving in which certain Rb–E2F
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differentially regulate the various E2F-responsive promoters
(Takahashi et al., 2000; Wells et al., 2000).
SV40 forms a persistent infection in the kidneys of its
native host the Rhesus Macaque. The kidney epithelial cells
of the host are generally not dividing and arrested in G0.
Because SV40 relies on the cellular DNA replication
machinery to replicate its genome, the virus has evolved
mechanisms to compel the host cells to produce the neces-
sary enzymes for viral replication. Expression of T antigen
by stable or transient transfection is sufficient to liberate
E2Fs from their binding to Rb family members in rodent
cells (Harris et al., 1998; Zalvide et al., 1998). This release
results in the upregulation of E2F transactivation activity
(Sheng et al., 1997; Stubdal et al., 1997) and subsequent
progression of cells into S phase. The T antigen-induced
release of E2F from Rb family members requires the direct
binding of T antigen to the Rb family member and the
activity of its J domain (Zalvide et al., 1998). T antigen-
mediated release of Rb family–E2F complexes is enhanced
by Hsc70-mediated ATP hydrolysis in vitro (Sullivan et al.,
2000a,2000b), reviewed in Sullivan and Pipas (2002).
While several studies have used exogenous expression
assays to address the effects of T antigen on Rb–E2F
complexes in rodent cells (reviewed in Ali and DeCaprio
(2001), little is known about which endogenous Rb–E2F
complexes are targeted by the T antigen. Furthermore, the
effect of SV40 infection on Rb–E2F family complexes has
hitherto not been studied.
Therefore, we have examined the effects of SV40 infec-
tion on the integrity of endogenous Rb–E2F family com-
plexes. Growth-arrested BSC40 monkey kidney epithelial
cells were used to mimic the cellular milieu encountered
during an in vivo infection. Overconfluent, contact-inhibited
cells contain predominantly pRb–E2F and p130–E2F
DNA-binding complexes, while underconfluent dividing
cells contain readily detectable Rb–E2F and p107–E2F
complexes but not p130–E2F complexes. Surprisingly,
instead of disrupting all Rb family–E2F complexes, SV40
infection results in the disruption of only a specific subset.
At multiple time points postinfection, pRb–E2F remains in
tact; however, the elimination of p130–E2F- and p107–
E2F DNA-binding complexes is observed. A mutant virus
that does not express the t antigen is fully competent in these
activities, implicating T antigen as the likely effector.
Infection disrupts p107–E2F complexes but does not de-
crease the steady state levels of p107. Early during infec-
tion, we observe the disruption of p130–E2F complexes but
little or no decrease in the steady state levels of p130.
Furthermore, progression through the later stages of infec-
tion reduces the steady state levels of both p130 and E2F4,
and induces relocalization of E2F4 from the nucleus to the
cytoplasm, but does not decrease the steady state levels of
either pRb or p107. The disruption of p130–E2F complexes
can account for at least part of the ability of SV40 to activate
the cellular DNA replication machinery in a growth-arrestedcell; however, disruption of p130–E2F DNA-binding com-
plexes cannot be mediated entirely by the degradation of
p130. We conclude that SV40 affects Rb family members
with surprising specificity, preferentially disrupting p130–
E2F and p107–E2F complexes, leaving pRb–E2F DNA-
binding complexes intact.Results
Infection disrupts p130–E2F and p107–E2F DNA binding
complexes but not pRb–E2F complexes
In vivo, SV40 preferentially targets growth-arrested kid-
ney epithelial cells of the Rhesus Macaque. To mimic this
cellular environment, monkey kidney BSC40 cells were
grown to greater than 2 days post-confluence and infected.
Furthermore, to survey the effects of SV40 infection on Rb
family complexes that are present in dividing cells, sparsely
plated, actively dividing cells were also infected (Fig. 1A).
Both populations of cells were infected with a multiplicity of
infection (MOI) of 5 to ensure that every cell was infected.
Using a DNA probe that contains a consensus E2F-
binding site, gel mobility shift analysis was conducted.
Lysates from mock-infected and infected overconfluent
and underconfluent cells contain multiple complexes with
retarded mobility (Fig. 1B). To determine which of these
complexes were specific, cold nucleotide competitor was
included in the shift reaction. Those complexes that sur-
vived competition with a mutant (Fig. 1B, lanes 5–6 and
11–12) but not a specific competitor (Fig. 1B, lanes 3–4
and 9–10) were considered bona fide E2F complexes.
Antibody supershift analysis was conducted to identify
E2F complexes that contain Rb family members (Fig. 1C).
Underconfluent BSC40 cells contain a p107–E2F and a
pRb–E2F DNA-binding complex. Supershift analysis
showed that the topmost band is shifted when anti-p107
antibody is included in the reaction (Fig. 1C, lane 3 vs. lane
1). Additionally, neither anti-pRb nor anti-p130 antibody
altered the mobility of this complex, suggesting that the
only Rb family member in this complex is p107 (Fig. 1C,
lanes 2 and 4 vs. lane1). pRb–E2F complexes were readily
detectable in all cell lysates assayed. A prominent supershift
is observed when anti-pRb antibody is included in the shift
reaction for underconfluent cells, and this pRb-containing
complex remained unaffected by either p107 or p130
antibody (Fig. 1C, compare lane 2 to lanes 1, 3, and 4).
Overconfluent cells contain p130–E2F and pRb–E2F com-
plexes that are easily detected by gel shift analysis (Fig. 1).
Notably, p130 exists as at least two different complexes, a
faster migrating complex that co-migrates with pRb–E2F
and a slower migrating complex (Fig. 1C) that likely
contains the additional protein RbP1 consistent with the
work of Corbeil et al. (1995). Both the faster and slower
migrating p130 complexes are supershifted with anti-p130
antibody (Fig. 1 C, lane 4). The bottom p130 complex is
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Fig. 2. Precipitation of pRb–E2F DNA-binding complexes. (A) Gel shift of
insect cellular lysate that expresses human p130–E2F complex, preincu-
bated with control streptavidin sepharose beads (Beads Alone), or beads
bound to biotinylated DNA containing two E2F-binding sites (E2F Beads).
(B) Immunoblot analysis of Rb family proteins that precipitate with DNA
containing an E2F site. Mock-infected (M) or infected (I) lysates were
incubated with beads bound to DNA containing E2F-binding sites (lanes 3
and 4) or control beads without DNA (lanes 5 and 6). The amount of lysate
(10%) incubated in the precipitation reaction was directly immunoblotted
(lanes 1 and 2).
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anti-pRb and anti-p107 antibodies are included in the shift
reaction (Fig. 1C, lane 5). Note that this band is shifted
when anti-p130 antibody is included in addition to the anti-
pRb and anti-p107 antibodies (Fig. 1C, lane 8). Further-
more, inclusion of anti-p107 antibody has little or no effect
on any of the complexes in overconfluent cells (Fig. 1C,
lane 3). These results demonstrate that the underconfluent
cells contain both pRb–E2F and p107–E2F complexes as
expected for cycling cells. Moreover, the overconfluent cells
contain p130–E2F and pRb–E2F complexes consistent
with cells arrested in the G0 stage.
Infection with SV40 abolishes the p107–E2F complex in
underconfluent cells and p130–E2F complexes in over-
confluent cells (Fig. 1C, lane 1). Note the presence of
supershifted complexes present in mock but not infected
lysates (Fig. 1C, lane 3 [top two panels] lane 4 [bottom two
panels]). Importantly, infection did not abolish the pRb–
E2F complex in either the underconfluent or overconfluent
cells (Fig. 1C). This suggests that at least a portion of the
pRb present in BSC40 cells is resistant to the action of T
antigen, and furthermore, that the presence of some pRb–
E2F complexes are not inhibitory to productive infection.
The specific DNA-binding complexes that were com-
posed of ‘‘free’’ E2F (unbound to Rb family members) were
identified as those specific bands remaining unaffected by
addition of antibody to all three Rb family members to the
shift reaction (Fig. 1C, lane 8). The underconfluent and
overconfluent cells, irrespective of infection status, contain
two prominent specific bands that were unaffected by the
anti-Rb family antibodies. Thus, the two fastest migrating
specific bands are uncomplexed E2Fs. To identify which
E2Fs composed these complexes, supershift analysis was
conducted individually with antibodies specific to E2Fs 1–5
(data not shown). The only antibody that efficiently shifted
these complexes was anti-E2F4 (Fig. 1C, lane 9). Thus, the
majority of ‘‘free’’ E2F in both the contact inhibited and
dividing cells was E2F4. E2F4 remained the most abundant
‘‘free’’ E2F complex after infection with SV40 (Fig. 1C).
Notably, infection induced an increase in the abundance of
‘‘free’’ E2F4 relative to the overall E2F complexes bound
by Rb family members (Fig. 1C).
We developed an alternative assay to detect protein
complexes that interact with DNA-containing E2F sites.
Biotinylated oligonucleotides containing two E2F sites
were conjugated to streptavidin sepharose beads. To test
their ability to bind E2F, beads conjugated to the E2F
oligonucleotide or control unconjugated beads were incu-
bated with insect cell lysates that were previously shownFig. 1. P130 and p107 E2F DNA-binding complexes are disrupted by SV40
(Overconfluent) or sparsely plated (Underconfluent). (B) Gel mobility shift of label
that were harvested 18 h postinfection (I) or mock infection (M). The inclusion
oligonucleotides is indicated with a +. (C) Supershift analysis of E2F–DNA bin
members individually (pRb, p107, p130), all three Rb family members (Rb fam.),
complexes that contain p107 (gray arrow), pRb (black arrow), or p130 (white arrto express human p130–E2F4 and ‘‘free’’ E2F4 com-
plexes (Sullivan et al., 2000a,2000b). The supernatants
from these precipitations were then subjected to gel shift
analysis to assay for the binding of E2F proteins. In this
assay, specific binding of p130–E2F or ‘‘free’’ E2F would
score as a reduction in the intensity of signal detected
with oligonucleotide beads but not with the negative
control beads alone. Thus, the beads conjugated to oligo-
nucleotide bound specifically to E2F complexes because
the supernatant from this reaction was depleted for E2F
complexes (Fig. 2A, lane 3 vs. lane 2).
Lysates from infected or mock-infected overconfluent
cells were incubated with beads conjugated to the E2F
oligonucleotides or beads alone. Proteins that associated
with the E2F oligonucleotides (Fig. 2B, lanes 3 and 4 or
control beads alone lanes 5 and 6) were identified byinfection. (A) Photomicrograph of Bsc40 cells 2 days postconfluency
ed DNA containing an E2F binding site. Lanes correspond to cellular lysates
of 500-fold excess of unlabeled specific competitor or mutant competitor
ding complexes was performed with antibodies that recognize Rb family
or the Rb family members and E2F4. Arrows label the E2F DNA-binding
ow).
Fig. 3. Time course of infection. (A) Gel shift of E2F DNA-binding
complexes from lysates harvested 4–72 h postinfection (4, 8, 12, 18, 24,
30, 48, and 72 hpi). The gel shift assay was performed as in Fig. 1 except
that anti-pRb antibody is included in every lane to more easily distinguish
pRb–E2F and p130–E2F complexes. (B) Immunoblots for various
proteins of mock-infected or infected cells. Lysates were harvested at
various times postinfection and an equal amount of protein was loaded in
each lane. Lysates were normalized for total protein via a Bradford assay
using BSA as a standard.
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ysis, E2F4 associates with E2F oligonucleotide beads in
approximately the same amounts from infected and mock-
infected cells (Fig. 2B, lane 3 vs. lane 4). However,
infection reduces the amount of p130 and p107 that asso-
ciates with E2F (Fig. 2B, lane 3 vs. lane 4). The disruption
of p107–E2F complexes from overconfluent cells observed
in this assay supports the gel shift results observed for
underconfluent cells (Fig. 1C). Our inability to detect
p107–E2F complexes in overconfluent cells using the gel
shift assay (Fig. 1C) most likely reflects the lower abun-
dance of p107–E2F complexes in quiescent cells, relative to
the other Rb family members. Importantly, unlike p107 and
p130, the amount of pRb that associates with the E2F
oligonucleotides is not diminished upon infection. Thus,
these results strongly support the gel shift results presented
in Fig. 1, namely that the absolute amount of pRB bound to
the various E2F proteins is not significantly changed fol-
lowing SV40 infection.
Time course
E2F gel shift analysis was conducted on lysates harvested
at various times postinfection, from 4 to 72 h postinfection
(hpi) (Fig. 3A). To assist in differentiating the pRb–E2F
complex from p130–E2F, anti-Rb antibody was included in
each reaction. As early as 12 hpi, a decrease in the p130–
E2F complex is observed. By 24 hpi, very little p130–E2F
complex is detectable and this holds true throughout the
remaining course of infection. Strikingly, no obvious de-
crease is observed in the amount of pRb–E2F complex at
any time postinfection. Thus, the trends of Rb family
member–E2F complexes observed at 18 hpi, in which
p130–E2F but not pRb–E2F complexes are abolished, hold
true throughout the infection.
To explore the mechanism of how SV40 infection
disrupts p130–E2F complexes, the steady-state levels of
the Rb family members and E2F4 at various time points
postinfection were examined (Fig. 3B). We consistently
observe p107 and p130 migrate as a doublet likely due to
the well characterized different phosphorylation states of
these proteins; however, we are only able to clearly
resolve multiple phosphorylated species of pRb in approx-
imately 50% of the gels we run. pRb and p107 levels
increase with increasing amounts of T antigen. p107 levels
increase starting at about 24 h postinfection, peaking at 30
hpi (Fig. 3B). This result is consistent with the increased
E2F transcriptional activity of dividing cells because p107
is regulated by an E2F promoter. On the contrary, p130
and E2F4 levels decrease somewhat starting at about 18
hpi, and this effect is most dramatic late in infection at 48
and 72 hpi (Fig. 3B). These results are consistent with the
notion of a T antigen-induced decrease in the steady state
levels of p130 (Stubdal et al., 1997), which could explain
the absence of p130–E2F complexes late in infection.
However, it should be noted that a readily detectableamount of p130 and E2F4 remains throughout the course
of infection (Fig. 3B).
t antigen expression is not required to disrupt p130–E2F
Because the t antigen has been implicated as a modulator
of the cell cycle, we wished to explore if it was playing a
role in disrupting the p130–E2F complex during infection.
For example, one could imagine the well-characterized t
antigen-induced increase in cyclin A activity having a
mitogenic effect and thus indirectly disrupting p130–E2F.
Therefore, we infected overconfluent BSC40 cells with
1440, an SV40 mutant virus that does not express t antigen.
As demonstrated by immunoblot analysis, t antigen is
readily detected in lysates from cells infected with wild-
type virus (Fig. 4A). On the contrary, no t antigen is
detectable from 1440-infected cells. Next, we incubated
lysates from 1440-infected cells along with lysates from
control wild-type and mock-infected cells in the E2F gel
shift reaction. To aid detection of the p130–E2F complex,
Fig. 4. Small t antigen is not required to disrupt p130–E2F DNA-binding complex. (A) Immunoblot with antibody that recognizes both T antigen and the faster
migrating t antigen. Cells were mock-infected, infected with wild-type (SV40), or a virus that does not express t antigen (1440). (B) Gels shifts were conducted
as described in Fig. 1. Note the p130–E2F complex that remains after inclusion of anti-pRb and anti-p107 antibodies is labeled with an arrow.
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reaction (Fig. 4B). Only the mock-infected cells contained a
p130–E2F complex that was observed in the presence of
anti-pRb and anti-p107 antibodies but was supershifted in
the presence of anti-p130 antibody. Thus, identical to wild-
type SV40, virus that lacks the ability to express t antigen
disrupts p130–E2F complexes. This strongly suggests that
T antigen is the primary mediator of this effect.
T antigen binds to pRb, p107, and p130, and SV40 infection
does not alter the subcellular localization of Rb family
members
We wished to identify differences between pRb–E2F
complexes from p130–E2F and p107–E2F complexes that
could account for the resistance of pRb–E2F to disruption
by the T antigen. Therefore, we looked for any obvious
difference in the ability of T antigen to bind to these
complexes. Infected or mock-infected lysates were immu-
noprecipitated with anti-T antigen antibody, and T antigen’s
ability to bind individual Rb family members was assessed
by immunoblot analysis. A representative blot of seven
independent experiments is shown in Fig. 5A. In each
experiment, a significant portion of the cellular pool (greater
than 10%) of all three Rb family members was associatedwith T antigen (Fig. 5A). Repeatedly, we observed that the T
antigen bound to a greater portion of the population of p107
and p130 than it did to pRb. While consistent with the
notion of two populations of pRb, one resistant and one
susceptible to actions of the T antigen, this effect was hard
to quantify and was always less than three-fold. Thus, no
gross differences in the ability of T antigen to associate with
the individual Rb family members were observed.
E2F4 does not possess its own nuclear import signal,
however, it is regulated in part by its subcellular localization
(Lindeman et al., 1997; Muller et al., 1997; Verona et al.,
1997). Additionally, it has been suggested that p130, which
has the capacity to shuttle between the cytoplasm and
nucleus, may regulate the localization, and thus, activity
of E2F4 (Chestukhin et al., 2002). Furthermore, because at
least a fraction of pRb–E2F complexes appears immune to
disruption by T antigen, we wished to determine if the
subcellular localization of pRb was altered after infection.
Cells were infected and harvested late in infection when the
effects of SV40 infection on the levels of p130 were most
dramatic. Whole cell and nuclear-enriched or cytoplasmic-
enriched lysates were subjected to immunoblot analysis
(Fig. 5B). The fractionation procedure worked well because
the nuclear fraction was enriched for the transcription factor
SP1 and T antigen but not the cytoplasmic protein beta
Fig. 5. T antigen binds to each Rb family member and infection does not
alter the subcellular localization of Rb family members. (A) Immunoblot
analysis of immunoprecipitates that coprecipitate with T antigen antibody.
Lysates from infected cells were harvested 18 hpi and incubated with anti-T
antigen antibody (+) or as negative control lysates were incubated with
beads alone without antibody ( ). (B) Immunoblot analysis of whole cell
(left column), cytoplasmic-enriched (C), or nuclear-enriched (N) lysates
from mock-infected (M) or infected (I) cells that were harvested at 55 hpi.
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not change upon infection. As expected, the steady state
levels of p130 decreased, resulting in the net effect of an
increase in the cytoplasmic to nuclear ratio of p130. Impor-
tantly, a significant portion of p130 remained nuclear. The
results for E2F4 were more dramatic, with a great increase
in the cytoplasmic to nuclear ratio after infection. However,
as with p130, a significant portion of E2F4 remains nuclear.
Additionally, we conducted immunofluorescent confocal
microscopy analysis on infected and mock-infected cells
(data not shown). T antigen, pRb, and p130 were predom-
inantly nuclear, and we were unable to detect any major
subnuclear localization differences among the three proteins
(data not shown). Thus, the difference in susceptibility of
p130–E2F and pRb–E2F complexes to disruption by SV40
infection is not due to subcellular localization differences
between T antigen and pRb. Furthermore, the presence of
nuclear p130 late in infection suggests that not all p130needs to be degraded for productive SV40 infection to
occur.Discussion
Tumor virus proteins including SV40 T antigen have
been felicitously used as tumorigenesis models for quite
some time. T antigen is a powerful mitogen, that when
exogenously expressed, induces cells to proceed into S
phase, through the cell cycle and in some cases ultimately
causing cellular transformation. SV40-indcued transforma-
tion occurs in part through T antigen binding to and
inactivating the cell cycle inhibitory protein p53 and the
Rb family members. The interaction between SV40 T
antigen and the Rb family members has been studied in
several rodent cell lines (DeCaprio, 1999). Transiently
expressed T antigen binds to pRb, p130, and p107, induces
an increase in E2F transactivation, and drives the cells
through S phase. In contrast, expression of T antigen in
the context of a productive SV40 infection does not drive
the cells to fully divide. Infection stimulates S phase and
DNA replication, but then the cells stall in a postmitotic
>G2 DNA content (Lehman et al., 2000) before allowing
the virus to exit the cells via exocytotic vesicles (Cole,
1996). Surprisingly, the effects of SV40 infection on Rb
family–E2F complexes have not been examined. Therefore,
we set out to observe the effects of infection on Rb family
member–E2F complexes.
We observed that overconfluent cells predominantly
contain a pRb–E2F complex and two p130–E2F com-
plexes. This is consistent with what others have reported
for growth-arrested cells (Nevins, 1998). Underconfluent
cells contain a pRb–E2F complex as well as a p107–E2F
complex, consistent with previous reports on actively
dividing cells (Moberg et al., 1996). SV40 infection
disrupts the p130–E2F and p107–E2F complexes, but
leaves the pRb–E2F complex intact. Because the timing
of the disruption of these complexes coincides with
expression of T antigen, and because a virus that does
not express t antigen disrupts p130–E2F complexes, it is
likely that the T antigen is responsible for abolishment of
these complexes. It has been reported that T antigen
disrupts pRb–E2F complexes in vitro (Chellappan et al.,
1992), and therefore it was a bit surprising to find pRb–
E2F complexes remaining after infection. However, the
fact that pRb–E2F complexes are present in S phase cells
may help to explain this result because SV40 needs to
drive cells into S phase to replicate its genome. Further-
more, the existence pRb–E2F DNA-binding complexes in
cells that express T antigen is not unprecedented (Harris et
al., 1998; Wolf et al., 1995). One could argue that these
complexes were somehow forming after the cells were
lysed; however, we feel this is unlikely because both p107
(which exists at much higher levels postinfection) and
p130 remain dissociated from E2F after lysis. This strong-
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able to induce the disruption of p130–E2F and p107–
E2F, and these complexes remain dissociated after lysis
while pRb–E2F complexes remain in tact.
The fact that exposure of pRb to T antigen during
infection does not disrupt its association with E2F is
consistent with notion of two populations of pRb, one that
is capable of association and one that does not associate
with T antigen. Four lines of evidence support this conclu-
sion. First, pRb–E2F–DNA complexes remain after p107
and p130 E2F–DNA complexes are disrupted, even though
these complexes were greater to or equally abundant to the
pRb–E2F–DNA complexes in the gel shift assays (Fig. 1).
This argues for a population of pRb–E2F that is resistant to
T antigen-induced disruption, the integrity of which is not
preserved simply due to an insufficient number of moles of
T antigen. Secondly, a portion of pRb, approximately 30–
50% of the total cellular population, is readily detected in
association with T antigen in immunoprecipitation assays
(Fig. 5A). This suggests that at least a portion of pRb binds
to T antigen and is susceptible to the action of T antigen.
Third, T antigen and pRb are both found predominantly in
the nucleus, suggesting at least the potential for interaction
(Fig. 5B). This argues that the portion of pRb–E2F–DNA-
binding complexes that is resistant to the action of T antigen
is not due to a gross difference of subcellular localization
between pRb and T antigen. Finally, upon infection, no
supershift of the pRb–E2F–DNA complex is observed
(Fig. 1). Additionally, inclusion of anti-T antigen antibodies
with infected lysates in the gel shift reaction did not shift
any complexes (data not shown), suggesting that the T
antigen is not binding to pRb–E2F complexes forming a
stable intermediate complex that is somehow resistant to T
antigen-mediated disruption of pRb–E2F.
There are several ways to envision a population of pRb
resistant to the effects of T antigen. A post-translational
modification of pRb that inhibits association with the T
antigen is a likely possibility. For example, pRb contains a
unique amino acid sequence (amino acids 806–831 of
human pRb) that when phosphorylated on a particular
threonine residue within this sequence renders pRb resistant
to association with T antigen (Knudsen and Wang, 1998).
This sequence is sufficient to inhibit T antigen binding to
other Rb family members because heterologous p130 and
p107 constructs containing these amino acids are resistant to
association with T antigen. An alternative possibility is a
protein(s) that binds to pRb preventing its association with T
antigen. Finally, even though confocal microscopy (data not
shown) showed colocalization of T antigen, p130, and pRb,
we cannot rule out the existence of a separate subnuclear
compartmentalization for T antigen and pRb whose detec-
tion may be below the limits of this assay.
The disruption of p107–E2F and p130–E2F complexes
is consistent with transfection studies of rodent cells that
demonstrate that the T antigen alters the phosphorylation
state and stability of these proteins (Stubdal et al., 1996,1997). Our immunoblot data show a decrease in the levels
of p130 and a change in the ratio of slower migrating to
faster migrating forms of the protein (Fig. 3B), most likely
reflective of a shift from hyper to hypophosphorylated p130
(Stubdal et al., 1996) at the later time points of infection.
However, judging by the ratio of faster to slower migrating
p107, we do not observe any change in the phosphorylation
status of p107, and in fact, its steady state levels increase
during infection (Figs. 3B and 5B). These observations,
combined with the ease with which we are able to detect
nuclear localized p130 (albeit at reduced levels relative to
mock-infected cells, Fig. 5B), suggest that for both p130–
E2F and p107–E2F, SV40 infection disrupts these com-
plexes through an additional mechanism besides inducing
their degradation.
BSC40 cells express high levels of ‘‘free’’ E2F4 DNA-
binding complexes, although we cannot rule out some cross
reactivity of the anti-E2F4 antibody with other E2Fs. The
abundance of E2F4 is consistent with the growth-arrested
state of overconfluent cells because E2F4 is often found in
quiescent cells complexed to p130. For the underconfluent
cells and infected overconfluent cells, it is likely that a
portion of E2F4 is sequestered in the cytoplasm and thus, is
transcriptionally inactive. In support of this notion, the
cytoplasmic to nuclear ratio of E2F4 is greater in infected
vs. mock-infected overconfluent cells (Fig. 5B). Exactly
which of the six E2Fs become transcriptionally active
during infection and which promoters they are firing is
beyond the scope of this study and will be the subject of a
future work.
In conclusion, others have shown that quiescent cells
that are induced to divide display a decrease in p130–E2F
and a concomitant increase in p107–E2F, and no decrease
or even a slight increase in the pRb–E2F DNA-binding
complexes (Fig. 6A, reviewed in Nevins, 1998). Our
results confirm these findings in BSC40 cells. Addition-
ally, we have shown that, like quiescent cells that are
induced to enter the cell cycle, SV40 infection decreases
the p130–E2F but leaves the pRb–E2F DNA-binding
complexes intact (Fig. 6B). Unlike growth-arrested cells
that are mitogen-stimulated, SV40 infection of overcon-
fluent cells does not induce a p107–E2F complex, and in
fact does just the opposite. One way to explain this result
is the observation that SV40-infected cells are not actively
dividing, in fact they get stuck in a >G2 DNA state and
never fully complete division (Lehman et al., 2000). Thus,
we favor a model in which the presence of pRb and
absence of p107–E2F or p130–E2F DNA-binding com-
plexes are representative of the unique stage of cell cycle
that cells are driven into when they are productively
infected with SV40. This work lays a foundation to better
understand how SV40 usurps the cellular host cell cycle
machinery to promote an environment conducive to pro-
ductive infection. Continued studies into these mecha-
nisms should help shed light on the pathways that
govern infectability by SV40 and may lead to a better
Fig. 6. Models. (A) As cells progress from G0 through the cell cycle,
p130–E2F complexes are abolished, p107–E2F complexes increase, and
pRb–E2F complexes slightly increase (adapted from Nevins, 1998). (B)
SV40 infection of G0 cells decreases the prevalence of p130–E2F and
p107–E2F complexes leaving pRb–E2F complexes in tact.
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isms reported in SV40-linked human diseases.Materials and methods
Cell lines and molecular methods
BSC40 cells, an established monkey kidney epithelial cell
line (Tremblay et al., in press), were grown to 3 days
postconfluence and infected with SV40 at a multiplicity of
infection of 5 viral particles per cell (MOI = 5) as described
(Tremblay et al., in press). Cells were washed 2 in
phosphate-buffered saline (PBS) solution and harvested by
scraping. Cellular pellets were lysed in high salt as previ-
ously described (Sullivan et al., 2001), or trypsinized and
lysed as whole cells in high salt or as cellular fractions using
the hypotonic burst method (Verona et al., 1997). Protein
lysates were quantified using the Bradford colorimetric assay
using bovine serum albumin (BSA) as a standard (Bio Rad).
DNA–protein interaction assays
Protein lysates were analyzed using the electromobility
gel shift assay (EMSA) as described (Sullivan et al.,2000a,2000b). Briefly, radiolabeled probe contained an
E2F consensus-binding site and was added unlabeled as a
specific competitor. An identical oligonucleotide with a 2-
base pair mutation in the E2F-binding site was used as the
‘‘mutant’’ competitor. These reactions were then analyzed
by electrophoretic analysis on a 4.5% acrylamide gel. For
the DNA-binding precipitation assay, a biotinylated oligo-
nucleotide (biotin—5VATTTAAGTTTCGCGC CTTTAAG-
TTTCGCGC CCTTTCTCAA-3V) containing two E2F-
binding sites [underlined] was bound to streptavidin beads
(Ultralink, Pierce Rockford Illinois). The E2F-binding ac-
tivity of the beads was confirmed by incubating an insect
cell lysate (Sullivan et al., 2000a,2000b) expressing both
human p130–E2F4–Dp1 and ‘‘free’’ E2F4–Dp1 com-
plexes with the DNA beads and demonstrating a specific
ability to precipitate out E2F DNA-binding complexes as
assayed by EMSA analysis. For precipitation reactions, 75
Ag of lysate was incubated in buffer S (20 mM HEPES
(7.4), 50 mM KCl, 8.5% glycerol, 1 mM EDTA, 1 mM
MgCl2, 1 mM dithiothreitol, 1 Ag pepstatin per ml, and the
dilution of the EDTA-free Protease Inhibitor Cocktails as
recommended by the supplier [Boehringer Mannheim]) with
the streptavidin beads conjugated to the E2F DNA for 2 h at
23 jC. Pelleted complexes were captured via a 30 s spin in a
microcentrifuge at 16000  g, washed three times with
buffer S, resuspended in 2 Laemmli sample buffer con-
taining the reducing agents dithiothreitol and h-mercaptoe-
thanol, and heated at 95 jC for 5 min. A portion of the
sample buffer was then assayed by immunoblot analysis
(described below).
Immunochemical methods
Immunoblot assays were performed as described (Sulli-
van et al., 2000a,2000b). Briefly, samples were loaded onto
a 6% (pRb, p107, p130, T antigen) or 8% (E2F4) sodium
dodecyl sulfate (SDS) polyacrylamide gel and electrophor-
esed. Gels were transferred to an Immobilon PVDF mem-
brane (Millipore) and immunoblotted using antibodies
directed against appropriate proteins via the ECL+ protocol
(Amersham). Coomassie blue staining of transferred gel
(Sullivan et al., 2001) confirmed equal loading and transfer
efficiency for all immunoblots shown. Where mentioned,
autoradiography signal intensity was quantified using NIH
image 2.1. Immunoprecipitations for T antigen were con-
ducted as follows: 250 mg of total lysate was incubated with
2 Ag of 901 (a monoclonal antibody that recognizes an
epitope unique to large T antigen in the carboxyl terminus).
A 50% slurry (35 Al) of protein G Sepharose beads
(Amersham Pharmacia Biotech) in buffer I (40 mM KCl,
20 mM HEPES [pH 7.8], 6 mM MgCl2, 0.1% NP40) was
added to the reactions and incubated for 2 h at 22 jC. The
complexes were captured via a 30 s spin and washed three
times with 1 ml of buffer M (150 mM NaCl, 50 mM HEPES
[pH 7.4], 10% glycerol, 0.1% Tween 20). The final pellets
were resuspended in 2 Laemmli sample buffer (as de-
C.S. Sullivan et al. / Virology 320 (2004) 218–228 227scribed above for DNA–protein precipitate) and resolved by
electrophoresis.
Antibodies
Anti-pRb, IF8*, p130, C20*^, p107, SC17*, E2F4, C20*
(Santa Cruz Biotechnologies); anti-pRb, 14001A, anti-p107
1499 (Pharmingen); anti-T Antigen, pAB416 (Harlow et al.,
1981), 901 (reactive with the carboxyl terminus of T
antigen, a kind gift from M.J. Tevethhia, Pennsylvania State
University, Hershey, Pennsylvania). Asterisks (*) denote
that those antibodies were also used for super shift analysis
in EMSA assay. (^)Note: certain lots of the rabbit polyclonal
anti-p130 C20 antibody displayed significant cross reactiv-
ity with p107 in the EMSA assays. One older lot displayed
no detectable cross reactivity with baculovirus-expressed
p107, but efficiently reacted with p130 and was therefore
used for supershift analysis in the gel shift assays.Acknowledgments
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